Abstract-It has been experimentally demonstrated that micrometersized particles of graphite deposited on the surface of copper and niobium electrodes can promote the field emission of electrons in the range of 5-20 MV -m . From measurements of the current-voltage characteristic, electron spectrum, and emission image of such sites, it has been concluded that electrons are emitted by a mechanism similar to that operating at the naturally occurring sites responsible for prebreakdown electron emission. A hot-electron-based metal-insulator-metal (MIM) model is considered.
I. INTRODUCTION
THERE IS A GROWING body of experimental eviTdence which strongly suggests that carbon, in certain forms, can promote the field emission of electrons at anomalously low fields, typically in the range of [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] MV-m-1. In particular, filamentary carbon fibers have been extensively studied as point field-emission electron sources [1] -14] and, in the form of a felt weave, as extended cold-cathode electron sources [5] . Copious field emission has also been observed from bulk specimens of pyrolytic graphite 161, and from a carbon film deposited on an insulating substrate [7] . There is also evidence from studies of prebreakdown electron emission from broadarea high-voltage electrodes that carbon, as a localized impurity, can stimulate the emission of electrons in the same field range. For example, gold electrodes, which are known to have a high level of carbon contamination, have been observed to be strongly emissive [8] , while more recently electron-emission sites have been shown to be located in the vicinity of surface carbon concentrations as identified by Auger analysis [9] . Lastly there is evidence from vacuum arc studies that the initiation mechanism, which depends on a primary electron-emission process, may also be associated with the presence of carbon concentrations [10] .
On the basis of this evidence, and that discussed elsewhere [11] , which emphasizes the similarities between both the electron and optical spectroscopic data obtained from the prebreakdown emission processes on high-volt- age electrodes and from carbon-fiber emitters, an investigation was initiated to create artificial carbon sites on broad-area metal electrodes and to determine how closely their emission behavior simulates that of naturally occurring sites.
II. EXPERIMENTAL
A. Artificial Site Production Two techniques have been developed, both very simple in concept. In the first, originally demonstrated with copper electrodes [121, a micromanipulator is employed to lower gently a finely sharpened pencil lead to a known position on the surface of a planar electrode that had previously been polished and ultrasonically cleaned in readiness for introduction to the vacuum system. By taking care to "touch" the surface of the electrode only lightly, it is possible to produce a faintly visible carbon spot of typical diameter -0.2 mm. In the second and more recent technique, a fine glass capillary tube is similarly used to deposit a -0.5-mm drop of colloidal graphite (Aquadag) onto an electrode surface, which, after drying, typically leaves a visible deposit of somewhat smaller dimensions. At higher resolution, such deposits are found to consist of a random distribution of carbon particles of varying size and orientation; this is illustrated by the scanning electron micrograph of Fig. 1 which shows a typical region of a "pencil" spot. It is particularly important to note the bright appearance of the individual carbon particles, which suggests they are electrically insulated from the substrate metal electrode, i.e., similar to the appearance of naturally occurring sites [13] . 
B. Emission Site Characteristics
Using the experimental facilities previously developed for studying the emission properties of the sites that occur naturally on broad-area electrodes [11] , [14] - [16] , measurements have been made of the current-voltage characteristics, electron spectra, and emission images for sites created by pencil and Aquadag deposits on both copper and niobium electrodes. In all cases the most strongly emitting site was found to be within the location of the graphite deposit. However, no consistently reproducible difference in emission properties was identified between sites produced by the two types of deposit on a given material, or indeed between a given type of deposit on the separate materials. Accordingly, the following examples of experimental data are to be taken as representative of all the systems studied.
Thus Fig. 2 is a typical single-site current field characteristic of the initial field cycling (x), together with the resulting reversible Fowler-Nordheim (F-N) plot (e). This illustrates how the current from a virgin site initially increases in a very erratic and unstable manner from a nearzero current level (i.e., < 10 A) to a level of 10-7 A and then exhibits a spontaneous switch on into a final and more stable emission mode that is subsequently reversible over the whole field range. It is to be noted that the hysteresis associated with the initial field cycling is so marked that whereas a field of -9 MV * m-1 was initially required to obtain a current of -10-°A, the same current could subsequently be drawn by a field of 3 MV m-l after the switch-on process. The F-N plot corresponding to the switched-on state can often be divided into two fairly clearly defined linear regions above and below current levels of A. Typically, the low-field range is characterized by ,B values in the range 300-1200, while within 
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-1000 and 132 1700. Fig. 3 presents two electron spectra successively recorded at slightly different fields from a site in an Aquadag deposit on a niobium electrode. This illustrates both how the spectra, with broad half-widths (0.3 eV), are shifted from the cathode Fermi level (F.L.) and how the emission can switch between a single-peak and multipeak energy distribution, i.e., in both respects exhibiting a behavior similar to that observed for naturally occurring sites [11], [171. As a consequence of this latter property, it generally proved difficult to measure systematically how the shift of a single-peak spectrum varied with field. However, in the case of one pencil deposit site, such a measurement was possible, and it revealed a behavior broadly similar to that found for naturally occurring sites [18] , i.e., where the shift increases rapidly with field. Lastly, Fig. 4 is a typical projection image of the emission obtained from such a site created by a graphite deposit, and reveals that, as with natural sites, the total current is derived from several independent subsites, each having its own characteristic single-peak spectrum 19], [15] . 
III. DiscUSSION
The central conclusion to be drawn from the above experimental data is that the emission characteristics of artificial carbon sites are in most respects very similar to those of naturally occurring sites. Thus they exhibit a switch-on phenomenon to give a subsequently smooth and reversible current-voltage characteristic with a linear F-N plot for fields up to -10 MV * m l having typical /3 values in the range 300-1200 [17] . Similarly, there is an apparent equivalence between the electron spectra and emission images obtained from the two types of site. It now remains to discuss how carbon might promote the field-induced hot-electron-emission mechanism thought to operate at naturally occurring sites [11] , [17] - [20] . Two approaches have been considered: firstly, that it is a consequence of the physical properties of carbon, and secondly, that carbon, behaving as a conductor, plays some form of fieldenhancing geometrical role.
Carbon is a generic term used to describe a wide range of materials having very different physical and chemical properties [211. At one extreme, there are materials such as diamond and many hydrocarbon-based "cokes" that are electrically insulating while, at the other extreme, there are the chemically pure pyro carbons that can exist in either an amorphous "glassy" form or in a highly orientated "graphitic" form. There are numerous intermediate forms of carbon (e.g., turbostratic carbons) of which the degree of purity and graphitization generally depends on the choice of organic precursor and the temperature to which it is heat-treated. Typically, temperatures in the range 2000-3000 K are required to achieve the purest forms of carbon. In the context of the present discussion of the field-emitting properties of carbon sites, attention will be focused on its highly orientated graphitic form, since both pencil lead and colloidal Aquadag use this form of the material.
Graphite has the well-known layered structure consisting of stacked basal planes containing closely packed covalently bonded carbon atoms arranged in hexagonal rings. The separation between the basal planes (3.35 A) is nearly 2.5 times the separation of the carbon atoms within the planes (1.42 A), and they are only weakly bound together by Van der Waals forces. This means that they can readily cleave to form flake-like structures.
Another important consequence of this structure is that graphite exhibits a large anisotropy in its electronic properties: in particular, the ratio of c-to a-axis electrical re- [19] . These general findings have been recently confirmed by a similar experiment employing an Auger, rather than X-ray, analysis facility [23] . Secondly, when a test electrode pair suffers a flashover, it is generally found that the electron emission is subsequently very much higher at a given field. The reason for this is dramatically illustrated in Fig. 6 , which shows the "before" and "after" emission site maps [9] , [15] . On finally examining the surface of the cathode, it was found to be decorated by numerous particles of anode material-in this case stainless steel. It was therefore concluded that the proliferation of emission sites displayed in Fig. 6(b) was a consequence of the creation of MIM structures by metal being "splashed" from the anode onto suitable insulating regions of the cathode surface. Indeed, the degradation of the insulating properties of a vacuum gap due to the presence of metallic particles is well known [24] .
From the technological point of view, the above findings have two important implications. Firstly, they indicate that the carbon concentrations which are known to exist at grain boundaries on broad-area electrodes [25] could be possible sources of field-emission currents, and hence ultimately a limiting factor on the performance of high-voltage electrodes. Secondly, brief mention should be made of a recent study associated with the electron loading of superconducting RF cavities [261, in which artificial carbon sites have been used to simulate effects of naturally occurring field-emission sites.
